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SEQUENCING OF SURFACE IMMOBILIZED POIiYMERS
UTIIiIZING MICROFUJORESCENCE DETECTION

5

BACKGROUND OF THE INVENTION
The present invention relates to the deterniination of

the seqtuencea of polymers Immobilized to a substrate. In
particular, one embodiment of the Invention provides a method

10 and apparatus for sequencing many nucleic acid sequences
innnobillzed at distinct locations on a matrix surface. The
principles and apparatus of the present invention may used,
for example, also in the determination of sequences of
peptides^ polypeptides, oligonuoleotides, nucleic acids,

15 oligosaccharides, phospholipids and other biological polymers.
It is especially useful for determining the sequences of
nucleic acids and proteins*

The structure and function of biological molecules are
closely Interrelated. The structure of a biological polymer,

20 typically a macromolecule, is generally determined by its
monomer sequence. For this reason, biochemists historically
have been Interested in the sequence characterization of
blologlcsal macromolecule polymers. With the advent of
molecular biology, the relationship between a protein sequence

25 and its conrespohding encoalng gene sequence is well
understood. Thus, characterization of the sequence of a
nucleic acid encoding a protein has become very important.

Partly for this reason, the development of
technologies providing the capability for sequencing enormous

30 amounts of DNA has received great interest. Technologies for
this capability are necessary for, for example, the successful
completion of the human genome sequencing project. Structural
characterization of biopolymers ie very important for further
progress in many areas of molecular and cell biology.

3S While sequencing of macromolecules has become
extremely Important, many aspects of these technologies have
not advanced significantly over the past decade. For example.
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in the protein secjaenclng technologies being applied today the

Edman degradation methods are still being tised. see ^ e.g..

Knight (1989) "Microseguencers for Proteins and

Oligosaccharides,** pio/Technol 7:107S-1076. Although advanced

5 instrumentation for protein sequencing has been developed, ggg,

e.g. / Frank eli al , (1989) "Automation of DNA Sequencing

Reactions and Related Techniques: A Work station for

Hioromanipulation of Liquids,'* Bio/Technoi. 6si2ix-X2i3, this

technology utilizes a homogeneous and isolated protein sample

10 for determination of removed residues from that homogeneous

sample.

Likewise, in nucleic acid sequencing technology, three

major methods for sequencing have been developed, of which two

are comiaonly used today. See, e.g., sambrook g-^ al, (1989)

IS Molecular Cloning- ; ^ Laboratiory Manual (2d Ed.) Vols. 1-3,

Cold Spring Harbor Press, New York, ^Ich is hereby

incorpoirated herein by reference. The first method was
develppcsd by Maxam and Gilbert. See

,, e.g., Ucixam and Gilbert

(1980) "Sequencing End-Labeled DNA with Base-Specific chemical

20 Cleavages," Ke-thods in Enzrymol,. 65:499-560, which is hereby

incorporated herein by reference. The polymer is chemically

cleaved with a series of base-specific cleavage reagents

thereby generating a series of fragments of various lengths.

The various fragments, each resulting from a cleavage at a

25 specific: base, are nm in parallel on a slab gel which resolves

nucleic acids which differ in. length by single nucleotides- A
protein specific label allows detection of cleavages at all

nucleotides relative to the position of the label.

This separation requires high resolution

30 electrophoresis or scuoie other system for separating nucleic

aeids off. very similar size. Thus, the target nucleic add to

be sequenced must usually be initially purified to near

homogeneity.

Sanger and Coulson devised two alternative methods for

35 nuoleio acid sequencing. The first method, known as the plus

and minus method, is described in Sanger and Coulson (1975)

Mql> Biol. 94r44X<-448, and has been replaced by the second
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method. Subsequently, Sanger and Coulson developed another
improved sequencing method known as the dideoxy chain
teannination method. g.ee> e.g., Sanger et al . (1977) "DNA
Sequencing with Chain-Termination Inhibitors," Proc. Nai--t_^

5 Aga^^, Pcj. TTSA 74s5463'.5467, which is hereby incorporated
herein by reference. This method is based on the inability of
2», 3» dideoxy nucleotides to be elongated by a polymerase
because of the absence of a 3» hydroaeyl group on the sugar
ring, thus resulting in chain termination. Bach of the

10 separate chain terminating nucleotides are incorporated by a
DNA polymerase, and the resulting terminated fragment is known
to end with the corresponding dideoxy nucleotide. However, botl
of the Sanger and Coulson sequencing techniques usually require
isolation and purification of the nucleic acid to be sequenced

15 and separation of nucleic acid molecules differing in length bj
single nucleotides.

Both the polypeptide sequencing technology and the
oligonucleotide sequencing technologies described above suffer
from the requirement to isolate and work with distinct

20 homogeneous molecules in each determination.
In the polypeptide technology, the terminal amino acii

is sequentially removed and analysed. However, the analysis is
dependent upon only one single amino acid being removed, thus
requiring the polypeptide to be homogeneous.

2S In the case of nucleic acid sequencing, the present
techniques typically utilize very high resolution
polyacrylamide gel electrophoresis. TOiis high resolution
separation uses both highly toxic acrylamide for the separationi
of the resulting molecules and iisually very high voltages in

30 running the electrophoresis. Both the purification and
isolation techniques are highly tedious, time consuming and
expensive processes.

Thlis, a need exists for -fclie eapab±lit:y to
simultaneously sequence many biological polymers without

35 individual isolation and purification. Moreover, dispensing
with the need to Individually parforn the high resolution
reparation of related molecules leads to greater safety, speed.
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and 'reliability. The present invention solves these and many

other problems.

SUMMARY OF THE INVENTION

5 The present invention provides the means to sequence

hundreds, thousands or even millions of biological

macromoLecules simultaneously and without individually

isolating each macromolecule to be sequenced « It also

dispenses with the requirement, in the case of nucleic acids,

10 to separate the products of the sequencing reactions on

dangerous polyacrylamide gels# Adaptable to automation, the

cost and effort required in sequence analysis will be

dramatically reduced.

This invention is most applicable, but not limited, to

15 linear macromolecules . It also provides specific reagents for

sequencing botb. oligonucleotides euid polypeptides « It provides

an apparatus for automating the processes described herein.

The present invention provides methods for determining

the positions of polymers which terminate with a given monomer,

20 where said polymers are attached to a surface having a

plurality of positionally distinct polymers attached thereto,

said method comprising the steps of;

labeling a terminal monomer in a monomer type

specific manner; and

25 scanning said surface, thereby determining the

positions of said label « In one embodiment, the polymers are

polynucleotides, and usually the labeling of the terminal

marker comprises incorporation of a labeled terminal monomer

selected from the group of nucleotides consisting of adenine,

30 cytidine, guanidine and thymJLdine.

An alternative embodiment pzrovides metbods for

concurrently determining which subset of a plurality of

positionally distinct polymers attached to a solid substrate at

separab^.e locations terminates with a given terminal subunit,

35 said metiiod comprising the steps of;

mixing said solid substrate with a solution

co]iiprlsj.ng a reagent, which selectively marks positionally
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disi:inct polymers which terminate with said given terminal
subunit; and

determining with a detector which separable
locations are marJced, thereby determining which subset of said

B positionally distinct polymers terminated with said given
terminal subwiit. In one version, the solution comprises a
reagent which marlcs the positionally distinct polymer with a
fluorescent label moiety* In another version the terminal
subunlt is selected from the group consisting of adenosine,

10 cytoslne, guanoslne, and thymine.

Methods are also provided for determining which subset
of a plurality of primer polynucleotides have a predetermined
oligonucleotide, wherein the polynucleotides are complementary
to distinctly positioned template strands which are attacihed to

15 a solid substrate, said method comprising the steps of:
selectively marking said subset of primer

polynucleotides having the predetermined oligonucleotide; and
detecting which polynucleotides are marked* In

one embodiment, the oligonucleotide subunlt is a single
20 nucleotide; in another the marking comprises elongating said

primer with a labeled nucleotide which is complementary to a
template; and in a furbher embodiment the marking step uses a
polymerase and a blocked and labeled adenine*

The invention embraces methods for concurrently
25 obtaining sequence information on a plurality of

polynucleotides by use of a single label detector, said method
comprising the steps of:

attaching a plurality of positionally distinct
polynucleotides to a solid substrate at separable locations;

30 labeling said plurality of polynucleotides with a
terminal nucleotide specific reagent, said label being
detectable using said label detector;

determining whether said specific labeling
reagent has labeled each separable location. Often, the

35 labeling is performed with reagents which can distingulshably
label alternative possible nucleotide monomers* One embodiment
uses four replica substrates each of which is laheled with a
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sperti fic labeling reagen-b foir adenine, cytosine, guanine, or

'thymine. Usually, tlie leJteling and determining steps are

performed in succession using reagents specific for each of

adenine, cytosine, guanine, and thymine monomers.

5 An alternative esibodiment provides methods for

concurrently obtaining sequence information on a plurality of

polynucleotides, said method comprising the steps of:

attaching distinct polynucleotides to a plurality

of distinct solid substrates;

10 labeling said plurality of solid substrates with

a terminal nucleotide specific labeling reagent; and

determining whether said specific labeling

reagent has labeled each distinct substrate. The method can be

performed using in a continuous flow of distinct solid
15 substrates through a reaction ^solution.

A method is provided for simultaneously sequencing a

plurality of polymers made up of monomer units, said plurality

of polymers attached to a substrate at definable positions,

said method comprising the s-teps o£:

20 mixing said stibstrate with a reagent which
specifically recognizes a terminal monomer, thereby providing

identification among various terminal monomer units; and

scanning said substrate to distinguish signals at

definable positions on said substrate; and

25 correlating said signals at defined positions on

said substrate to provide sequential series of sequence

determinations. Often, the pluirality or polymers are

synthesized by a plurality of separate cell colonies, and the

polymers may be attached to said substrate is by a carboi^l

30 linlcage. In one embodiment, the polymers are polynucleotides,

and often the substrate comprises silicon - The scanning will

often identify a fluorescent label. In one embodiment, the

reagent exhibits specifIcity of removal of terminal monomers,

in anotlier, the reagent exhibits specificity of labeling of

35 terminal monomers.
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The invention also esibraces me-tbods for sequencing a
plurality of distinctly positioned polynucleotides attached to
a solid substrate comprising the steps of:

hybridizing complementary primers to said
5 plurality of polynucleotides;

elongating a complementary primer hybridized to a
polynucleotide by adding a single nucleotide; and

identifying which of said complementary primers
have incorporated said nucleotide, in some versions, the

10 elongating step is performed simultaneously on said plurality
of polynucleotides linked to said substrate. Typically, the
substrate is a two dimensional surface and the identifying
results from a positional determination of the complementary
primers incorporating the single defined nucleotide. A silicon

15 substrate is usefta in this method*
Methods, are provided where the linking is by

photocroselinking polynucleotide to said complementary primer,
where said primer is attached to said substrate. The
elongating will be often catalyzed by a DNA dependent

20 polymerase. In various embodiments, a nucleotide will have a
removable blocking moiety to prevent further elongation, e.g.,
NVOC.

A nucleotide with both a blocking moiety and labeling
moiety will be often used.

25 A further understanding of the nature and advantages
of the invention herein may be realized by reference to the
remainijig portions of the specification and the attached
drawings.

30 BRIEF DESCRIPTION OP THE FIGURES
Fig. 1 illustrates a simplified and schematized

embodiment of a degradative scheme for polymer sequencing.
Fig. 2 illustrates a simplified and schematized

embodiment of a synthetic scheme for polymer sequencing.
3^ Fig« 3 illustrates a coordinate mapping system of a

petri plate containing colonies. Each position of a colony can
be assigned a distinct coordinate position.
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Fig. 4 illustrat:es various modified enibodlnents of tbe
substrates

•

Fig» 5 lllust:rates an Idealized scanning reaul-t

corresponding to a particular colony position.

.5 Fig. 6 iXlu&trates particular llnXers tusoful for
attaching a nucleic acid to a silicon substrate. Note that

thyaulne may be substituted by adenine, cytldine, guanine, or
uracil.

Fig. 7 Illustrates an embodiment of the scanning
10 system and reaction chamber.

Fig, 8 Illustrates the application of the synthetic
scheme for sequencing as applied to a nucleic acid cluster

localized to a discrete identified position. Fig. 8A
Illustrates schematically, at a molecular level, the sequence

15 of events which occur during a particular sequencing cycle.

Fig« SB Illustrates, In a logic flow chart, how the scheme is
performed.

Fig. 9 illustrates the synthesis of a representative
nucleotide analog useful in the synthetic scheme. Note that

20 the FMOC may be attached to adenine, cystoslne, or guanine.

Flq* 10 Illustrates the application of the degrajdative

scheme for sequencing as applied to a nucleic acid cluster
localized to a discrete identified position. Fig. lOA

Illustrates schematically, at a molecular level, the seqpience

25 of events which occur during a particular sequencing cycle.

Fig. lOB ..Illustrates in a logic flow chart how the scheme Is

performed.

Fig. 11 illustrates a functlonalized appaz-atus for

performing the scanning steps and sequencing reaction steps.
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DETAILED DESCRIPTION OP THE FJIEPERRED EMBOOXMENTS
I. Sequencing Procedure for a Generic Polymer

A . Overview
1. Substrat;e and matrix

5 2. Scanning sys-tem
3. SynlihetiQ/degradative cycles
4. Label
5. Utility

B. Sxibstrate/Matrlx
10 i« Non*-distortable

2 * Attachment of polymer
Scanning dyistem
1. Mapping to di3tinct position
2 * Detection system

15 3. Digital or analog signal
D- Synthetia or degradatlve cycle

1* Synthetic cycles
a« Gyn-thetic scheme
b* blocking groups

20 2. Degradative cycles
3. Conceptual principles

E. Label
1. Attachment
2. Mode of detection

as P. utility

II « Specific Embodiments
A. Synthetic method

30 B. Chain degradation method

35

III. Apparatus

« « * « *

I. Seauencina Procedure toy a Geneirie Polymer
The present invention provides methods and apparatus

40 for the preparation and use of a substrate having a plurality
of polymers with various sequences where each small defined
contiguous area defines a small cluster of homogeneous polymer
sequences. The invention is described herein primarily with
regard to the sequencing of nucleic acids but may be readily

45 adapted to the sequencing of other polymers, typically linear
biological macromolecules. Such polymers include, for example,
both linear cyclical polymers or nucleic acids,
polysaacharides, phospholipids, and peptides having various
different amino acids, hetieropolymers in which the polymers are
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mlaced, polyuretbanea, polyesters, palycarboziates,. polyure^s,

polyamldes, polyethyleneimines, polyarylene sulfides,

polysUoxanes, polyisiides, polyacetates or mixed polymers of
variouEs sorts. In a preferred embodiment, the present

5 invention is described in the use of sequencing' nucleic acids.

Various aspects of PCT publication no. W090/15070|

published December 13, 1990; PCT publication no. WO91/07087,

published Kay 30, 1991; U.S.S.N. 07/624,120, filed December S,

1990; and U^S.S.N* 07/624,114, filed December 6, 1990; each of
10 which is hereby Incorporated herein by reference, are

applicable to the substrates and matrix materials described

herein, to the apparatus used for scanning the matrix arrays,

to meaxis for automating the scanning process, and to the
linkage of polymers to a substrate*

15

A. oveTrvA^W

The present invention is based, in part,, on the

ability to perform a step wise series of reactions which either

extend or degir^de a polymer by defined units.

20 Figure 1 schematizes a simplified linear two monomer

polymer made up of A type and B type subunlts, A degradative

scheme is illustrated* Panel A depicts a matrix with two

different polymers located at positions 10 and 14, but with no

polymer linked at position 12. A reaction is exnployed to label

25 all of these polymers at the terminus opposite the attachment

of the monomer. Panel B illustrates a label (designated by an

asterisk] Incorporated at position 16 on the terminal monomers.

A scan step is performed to locate positions 10 and 14 where

polymers have been llnlced, but no polymer is located at

30 position 12* The entire matrix is exposed to a regent which is

specific for removing single terminal A monomers, which are

also labeled. The regent is selected to remove only a single

monomer? it will not remove further A monomers* Removal of the

labeled A monomer leaves a sxibstrate as illustrated in panel C.

35 A scan step is performed, and compared with the previous scan,

indicates that the polymer located at position 12 has lost its

label, i.e, that polymer at 12 terminated with an A monomer.
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The entire matrix is then exposed to a second reagent which is
specific for removing terminal B monomers which are also
labeled. Note that only a single B on each monomer is removed
and that successive B monomers are not affected • Removal of

5 the labeled B monomer leaves a substrate as illustrated in
panel D- Another scan step is performed. Indicating that the
polymer located at position 14 has lost its label, i,e., it
terminated with a B monomer. The sequence of treatments and
scans is repeated tp determine the successive moncnaers. It

10 will be recognized that if the labeled A and B are
distinguishable, i-e,^ the label on polymers at sites lo and 14
may be distinguished, a single removal step can be performed to
convert the substrate as illustrated in panel B directly to
that illustrated in panel D.

15 An alternative embodiment employs eynthetic reactions
where a synthetic product ie made at the direction of the
attached polymer. The method is useful in the synthesis of a
complejuentary nucleic acid strand by elongation of a primer as
directed by the attached polymer.

20 Figure 2 illustrates a similar simplified polymer
scheme, where the A and B monomer provide a complementary,
correspondence to A' and B' respectively « Thus, an A monomer
directs synthetic addition of an A » monomer and a B monomer
directs synthetic addition of a B' monomer. Panel A depicts

2S monomers attached at locations 18 and 22, hut not at location
20. Sach polymer already has one corresponding complementary
monomer A». The matrix, with polymers, is subjected to an
elongation reaction which incorporates, e.g., single labeled A*
monomers 24 but not B' monomers, as depicted in panel B* The

30 label is indicated by the asterisk. Note that only one A
monomer is added. A scan step is performed to determine
whether polymers located at positions 18 or 22 have
incorporated the labeled A* monomers. The polymer at position
18 ha^, while the polymer at position 22 has not. Another

35 elongation reaction which incorporates labeled B> monomers 26
is performed resulting in a matrix as depicted in panel
Again note that only one, and not successive B' monomers, is
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addea. Another scan is performed to determine whether a
polymer located at sites 18 or 22 has incorporated a labeled D*

monomer, and the result indicates that the polymer located at
site 22 has incorporated the labeled B« monomer. A next step

5 removes all of the labels to provide a substrate depicted, in

panel D. As before, if the polymer which incorporated a

labeled A' monomer is distinguishable from a polymer which
incorporated a labeled B' monomer, the separate elongation
reactions may be combined producing a panel C type matrix

10 directly from a panel A type matrix and the scan procedure can
distinguish which teinuinal monomer was incorporated.

It will be appreciated that the process may be applied
to more complicatied polymers having more different types of
monomerzs. Also, the number of scan steps can be minimized if

15 the various possible labeled monomers can be differentiated by
the detector system.

Typically, the units will be single monomers, though
under certain oircumetemces the tmits may comprise dimers^

trimersy or longer segments of defined lepgth* In fact, under
20 certain circumstances, the method may be operable in removing

or adding different sized units so long as the units aire .

distingiLishable* However, it is very important that the

reagents used do not remove or add successive monomers. This

is adhic^ved in the degradative method by use of highly specific

25 reagents. Xn the synthetic mode, thiis is often achieved with
removable blocking groups whicOi prevent further elongation.

One important aspect of the invention is the concept

of using a substrate having homogeneous clusters of polymers

attached at distinct matrix positions. The term "cluster"

30 refers to a localized group of substantially homogeneous

polymers which are positionally defined as corresponding to a

single sequence. For example, a coordinate system will allow

the reproducible identification and correlation of data

corresponding to distinct homogeneous clusters of polymer

35 locally attached to a matrix surface. Fig. 3 illustrates a

mapping system providing such a correspondence, where transfer

of polymers from a producing colony of organisms to a matrix
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preserves spatial information lihereby allowing positional
identification. ThB positional identification allows
correlation of data from successive scan steps.

In one embodiment, bacterial colonies producing
5 polymers are spatially separated on the media surface of a

Petri plate as depicted in panel A, Alternatively^ phage
plaques on a bacterial lawn can eachlbit a similar distribution.
A portion of panel A is enlarged and shown in panel B.
Individual colonies are labeled Cl-qy. The position of each

10 colony can be mapped to positions on a coordinate system, as
depicted in panel c. The positions of each colony can then be
defined, as in a ^able shown in panel D, which allows
reproducible correlation of scan cycle results.

Alt:nough the preferred embodiments are described with
15 respect to a flat matrix, the invention may also be applied

using the means for oorz-elating detection results from multiple
samples after passage through batch or continuous flow
reactions. For example, spatially separated polymers may be
held in separate wells on a microtiter plate. The polymers

20 will be attached to a substrate to retain the polymers as the
seguencing reagents are applied and removed.

The entire substrate sxirface, with homogeneous
clusters of polymer attached at defined positions, may be
subjected to batch reactions so the entire surface is exposed

25 to a uniform and defined sequence of reactions. As a result,
each cluster of target polymers for sequencing will be
subjected to similar reactive chemistry. By monitoring the
results of these reactions on each cluster localized to a
defined coordinate position, the sequence of the polymer which

30 is attached at that site will be determined.
Fig, 4, panel A illustrates solid phase attached

polymers linked to particles 32 which are individually
sequestered in separate wells 34 on a microtiter plate. The
scanning system will separately scan each well. Fig. 4 panel B

35 illustrates marbles 36 to which polymers are attached. The
marbles are automatically fed in a continuous stream through
the reaction reagents 3fi and past a detector 40. The marbles
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may be carefully held in -bubes or "broughs which prevent i:he

order of the bea,ds from being disturbed* In a combination of
the two embodiments^ each polymer is attached to a plurality of
small marbles^ and marbles having each polymer are separated,

5 but retained in a }cnown order. Each marble is, in batch with a
nuBiber of analogous marbles having other polymers linked
individually to them, passed through a series of reagents in
the sequencing system. For example, A2, B2, and C2 are
subjected to sequencing reactions in batch, with label

10 incorporated only for the second monomer A3, B3, and C3, are
likewise treated to determine the third monomer* Likewise for
A^, B^, and C^. However^ within each batch, the detection will
usually occur in the order A, B, and C, thereby providing for
correlation of successive detection steps for the A polymer

15 beads, for the B polymer beads, and for the C polymer beads.

Fig* 5 illustrates a signal which might result from a

particular defined position. Panel A illustrates the position
of a given colony relative t-Q the positions corresponding to

the positional map* The scan system will typically determine
20 the amount of signal, or type of signal, at each position of

the matrix. The scan systeia will adjust the relationship of
the detector and the substrate to scan the matrix in a

controllable fashion. An optical system with mirrors or other
elements may allow the relative positions of the substrate and

25 detection to be fixed. The scanner can be programmed to scan
the entire substrate surface in a reproducible memner, or to

scan only those positions where polymer clusters have been

localized. A digital data map, panel B, can be generated from

the scan step.

30 Thus, instead of subjecting each individual and

separated polymer to the series of reactions as a homogeneoue

sample, a whole matrix array of different polymers targeted for

sequencing may be exposed to a series of chemical manipulations

in a batch format. A large array of hundreds, thousands, or

35 even millions of spatially separated homogeneous regions may be

simultaneously treated by defined sequencing chemistry.
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The USB Of a coordinate system which can reproduclbly
assay a defined position after each reaction cycle can be
advantageously applied according to this invention. For
example, a colony plaque lift of polymers can be transferred

5 onto a nitrocellulose filter or other substrate. A scanning
detector system will be able to reproduclbly monitor the
results of chemical reactions performed on the target polymers
located at the defined locations of particular clones. An
accurate positioning can be further ensured by incorporating

10 various alignment marks on the substrate.
The use of a high resolution system for monitoring the

results of successive sequencing steps provides the possibility
for correlating the scan results of each successive sequencing
reaction at each defined position.

1^ The invention is dependent, in part, upon the stepwise
synthesis or degradation of the localized polymers as
schematized in Figures 1 and 2. The synthetic scheme is
particularly useful on nucleic acids which can be synthesized
from a complementary strand. Otherwise, a stepwise degradation

20 scheme may be the preferred method. Although single monomer
cycles of synthesis or degradation will usually be applicable,
in certain cases the technology will be workable using larger
segments, e.g., ddLmers or trimers, in the cyclic reactions.

The present Invention also provides methods for
25 production or selection of monomer-speoific degradatlve

reagents based upon catalytic antibody constructs. Antibody
binding sites exhibiting specificity for binding particular
terminal monomers can be linked to cleavage reagents or active
sites of cleavage enzymes. Thus, reagents which are specific

30 for particular terminal nucleotides may function to remove them
in a specific fashion.

The invention also makes use of a means for detecting
or labeling the polymers. Particular sequencing chemistry can
be selected for specificity in reacting with terminal monomer

35 units. Alternatively, indirect labeling methods may be applied
which can distinguish between different terminal monomers.
Another alternative scheme allows for terminal labeling which
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is not monomer-specific, but with the determination of the
monomer based upon specificity of post-label reagents or upon
monomer-distinguishable labels. Suitable such reagents will be
antibodies or other reagents having specificity for

5 distinguishing between different labeled terminal monomer
residues and cleaving only those labeled monomer residues.

Thus, although neither the reaction nor the label need
necessarily bie specific, at least one of the pair must be
specific. This ensures that a comparison of label signal

10 before and after a reaction allows determination of the change
in label signal after monomer specific reactions are performed,
and thereby providing the means to deduce the Identity of the
monomer at a given position.

15 B- Sii^sty^t^/Ha.ty.ig

The substrate or matrix has relatively few constraints
on its composition # Preferably, the, matrix will be inert to
the sequencing reactions to which the polymers attached thereto
will be sub:}ected. Typically, a silicon or glass substrate

20 will be used, but other .suitable matrix materials include
ceramics, or plastics, e.g., polycarbonate, polystyrene,
delrin, and cellulose, and any other matrix which satisfies
these functional constraints.

In one embodiment, the matrix should be sufficiently
25 nondeformable that the scanning system can reproducibly seem

the matrix and reliably correlate defined positions with
earlier and later scan operations. However, by including
alignment marJdngs on the substrate, the need for eJasolute

rigidity of the substrate may be reduced.

30 In an alternative embodiment, the matrix may merely be

large enough that the attached polymer may be separated from a

liquid phase containing the sequencing reagents. Xn this
embodlmcmt, a single detection unit is used to analyze the
label in a multiplicity of diffe,rent samples £Ufker each of the

35 reaction steps. Thus, different samples may be separably
treated in distinct wells of a microtlter dish.
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Separa-be homogeneous polymers can be introduced to
solid phase beads in each teicrotiter well. Sequencing reagents
may be individually introduced separately into each well, or
transferred from well to well with the polymers remaining in

5 the correct well due to their solid phase attachments.
In an alternative approach, the solid phase matrix may

be marfiles or other particularly shaped articles. Spherical
shapes, solid or hollow, are preferred because they can be
easily transported through troughs or tubing which retains

10 their relative orders. By feeding a succession of beads
through appropriate reaction baths and past a detector in a
Icnown and retained order, a succession of label detection
results from a bead may be correlated and converted into a
polymer sequence.

15 The attachment of the target homogeneous clusters of
target polymers to the substrate can be achieved by appropriate
linkage chemistry. As indicated before, the linkage should be
stable and insensitive to the sequencing reagents used. The
specific linkages will depend, of course, upon the particular

20 combination of substrate and polymer being used.
Typically, the most useful chemical moieties which

will be used are amines « Typical substrate derivatized gorups
includes aminopropyl triethoxysilane, hydroxypropylacylate, or
hydroxy reagents, see, e.g., U.S. S.N. 07/624,120. Typical

2S polymer derivatized groups include nitroveratryl and
nitroveratryl oxycarbonyl. Linkage types are also illustrated
and detailed in U. S.S.N. 07/624,120, and U.S. S.N. 07/624,114.

Fig. 6 illustrates one preferred linkage chemistry for
nucleic acids. An NVO-derlvatissed nucleotide is made as

30 described in U, S.S.N. 07/624,120. The specific conditions for
synthesis of thymidine are described therein and are adaptable
to other nucleotides and nucleosides. The nucleoside analog is
further derivatized with an appropriate R group at the 3 •

hydroxy1. Preferred R groups are indicated in Fig. 6. The
35 linkage produces a photosensitive blocked nucleoside suitable

for phosphoramidite synthesis of further polynucleotides which
can serve as a complementary strand for hybridization of other
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poiyteer^. The hybrids of the complementary strands may be
covalently crossllnked using acridlne dyes or other
intercalative reagents, e-g-r psoralen. See, e.g., Kornberg
[1980) DNA Replication Freeman, San Francisco; Wiesebahn, e£,

5 ai- (1978) Proc. Natl, Acad. Sci, USA 75:2705, and Sheldon
(1986) U.S^ Pat« No. 4,582,789 which are each incorporated
herein by reference.

The linkage shcrald be substantially inert to the
cyclic sequencing reactions and scan cycles. Usually, the

10 linkage will be at a defined and homogeneous polymer position,
preferably at the end opposite where the sequencing chemistry
takes place. Although the type of linkage is dependent upon
the polymer being sequenced, various types of polymers have
preferred linkages. For polypeptides, amino terminal or

15 carboacyl terminal linkages will be preferred. Specific amino
terminal linkages include amino butyric, acid, amino caproic
acids, and similar carboa^lic acids. Specific carboxyl

terminal linkages include butyric acid, caproic acid, and other
carboxylic acids, hydrocarbon, and ethers. See PCT publication

20 nos. WO91/07087 and WO90/15O70, Which are incorporated herein
by ireference. For nucleic acids, the linkages will typically
be either 5* or 3* linkages. Suitable 3^ linkages include
those illustrated in Figure 6, and others described in U. S.S.N.

07/624,114.

25 Alternatively, for complementary polymers,

particularly nucleic acids, linkage may be via crosslinkage of
the complementary polymers where the complementary stand is

directly attached to the matrix. Acridine dyes, e.g.,

psoralen, or a similar crosslinking agents between the strands
30 can be used. See, e.g'. , Dattagupta, at al., "Coupling of

Nucleic Acids to Solid Support By Photochemical Methods,"

U.S. S.N. 4,713,326; and U.S. S.N. 4,542,102f and Chattejee, K.

et al. (1990) Am. chem. Soc, 1X2: 6397 ^ Which describe useful

crosslinking reagents, and are hereby incorporated herein by
35 reference.

Foi- polynucleotides, the preferred attachment to the
matrix is through a synthetic oligomer by the 5* end of each
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target sequence. This oligomer is designed to anneal to the
desired target templates used in a synthetic system or to the
polynuoleotid© used In the degradation approach. In one
embodiment, a vector sequence which is complementary to the

5 immunized oligonucleotide i& incorporated adjacent the
cloning Inserts, thereby providing a common complementary
sequence for each insert, in particular, a cloning vector will
be selected with a defined sequence adjacent the Insert, see,
e.g., aambrook £t_al. , (1989) Molecular, clenlnoi A T^K^yg^p^,,

10 titanv^l . Vols. 1-3, Cold spring Harbor Press, whidh is hereby
incorporated herein by reference. This defined sequence is
used, in some embodiments, as a common linker for all of the
vector inserts. The inserts, adjacent to this linker, will be
transferable by hybridisation to the matrix linked

IS complementary seguenoes. The hybrids are orosslinked by
addition of a suitable crosslinker under appropriate
conditions, for example^ photocrosslinking by psoralen with uv
light. See, e.g.. Song et al. (1979) Photochem. Photoblol-
29:1177-1197; Cimino et al. (1985) Ann. Rev. Bloeh^it.. 34:1151-

20 1193; and Parsons (1980) Photoohem. Photob^o^. 32:813-821; each
of which is incorporated herein by reference, using these
approaches, the oligbnuoleotide linker serves as both the
attachment linker and the polymerization primer.

Figure 6 illustrates a preferred 3» terminal linkage
25 designed for a phosphoramidite linkage of a synthetic primer

and the reactions forming them. The chemical reactions for
actually performing the linkage will be similar to those used
for oligonucleotide synthesis instruments using phosphoramidite
or similar ehemietxy. Applied Biosyst^s, Foster City,

30 California supplies oligonucleotide synthesizers.

C. Scanning Svatem
The scanning system should be able to reproduoibly

scan the substrate. Inhere appropriate, e.g., for a two
33 dimensional substrate where the polymers are localized to

positions thereon, the scanning system should positlonally
<3efine tJie olusters attached thereon to a reproduaible
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coofaiiiate system. It is lioportant that the positional
identljrication of clusters be repeatable in successive scan
steps. Functionally, the system should be able to define
physical positions -to a coordinate system as described above

5 and illustrated in Figs« 3 and 4.

In alternative emtiodiiaents, the system can operate on
a cruder level by separately detecting separate wells on a
microtiter plate, or by scanning marbles which pass by the
detector in an embodiment as described above and illustrated in

10 Fig. 4.

The scanning system would be similar to those used in
electrooptieal sceinning devices. See , e.g,^ the fluorescent
detection device described in FGT publication no. WO90/15070,
and U«S#S*N. 07/624,120. a9ie system coiild exhibit many of the

15 features of photographic scanners, digitizers or even compact
disk reading devices. For exati^le, a model no« SHSOO'-Al x-y
translation table mcmufactured by Newport Corporation can be
attached to a detector unit. The x*y translation table is

connected to and controlled by an appropriately programmed
20 digital computer such as an IBM FC/AT or AT compatible

computer. The detection system can be a model no. R943--a2

photomu-Ltiplier tube manufactured by Hamamatsu, attached to a
preamplifier, e.g., a model no. SR440 manufactured by Stanford
Research Systems, and to a photon counter, e.g., an SR430

25 manufactured by Stanford Research System, or a multichannel
detection device. Although a digital signal may usually be
preferred, there may be circumstances where analog signals
would bc3 advantageous*

The stability and reproducibility of the positional

30 localization in scanning will determine, to a large extent, the
resolution for separating closely positioned polymer clusters
in a 2 dimensional substrate embodiment* Since the successive
monitoring at a given position depends upon the ability to map
the results of a reaction cycle to its effect on a positionally

35 mapped cluster of polymers, high resolution scanning is

preferred* As the resolution increases, the upper limiii to the
numher of possible polymers which may be sequenced on a single
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matrix will also increase. Crude Scanning systems may resolve
only on the order of lOOO fi, refined scanning aysteraa may
resolve on the order of 100 fi, more refined systems may resolve
on the order of about lO with optical magnification systems a

5 resolution on the order of l*o is available, and more
preferably a resolution on the order of better than O.oi /i is
desired. The limitations on the resolution may be diffrication
limited and advantages may arise from using shorter wavelength
radiation for the photo-optical deprotection fluorescent

10 scanning steps. However, with increased resolution, the time
re<juired to fully scan a matrix will be increased and a
compromise between speed ana resolution will necessarily be
selected. Parallel detection devices which will provide high
resolution with shoirter scan times will be applicable where

15 multiple detectors will be moved in parallel.
With other embodiments, resolution often is not so

impoirtant and sensitivity might be emphasized. However, the
reliability of a signal may be pre-seleoted by counting photons
and continuing to count for a longer period at positions where

20 intensity of signal is lower. Although this will decrease scan
speed, it can increase reliability of the signal determination.
Various signal detection and processing algorithms may be
incorporated into the detection system, such as described in
u.s.s.N, 07/624,120. In one embodiment, the distribution of

25 signal intensities of pixels across the region of signal are
evaluated to determine whether the distribution of intensities
corresponds to a time positive signal.

The detection system for the signal or label will
depend upon the IcUael used, which may be defined by the

30 chemistry available. For optical signals, a combination of an
optical fiber or charged couple device (CCD) may be used in the
detection step, in those circumstances where the matrix is
itself tiransparent to the radiation used, it is possible to
have an incident light beam pass through the substrate with the

35 detector located opposite the substrate from the polymers. For
electromagnetic labels, various forms of spectroscopy systems
can be used. Various physical orientations for the detection
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sys-b^ are availeible and discussion of important design
paraiaeters is provided, e.g. ^ in Jovin, Adv. in Biocbem.
BioplyniB, which is hereby incorporated herein by reference.

Various labels which are easily detected include
5 radioactive labels, heavy metals, optically detectable IcUaels,

spectroscopic labels and the like. Various photoluminescent
labels include those described in tT.S.S.N. 07/624,114.
Prot:eci;ion and deprotection are described, e.g., in HcCray, et
al. (1989) Ann, Rev. Biophysical Chemial^rY 18:239-270, and

10 U.S. S.N. 07/624,120, each of which is Hereby incorporated
herein by reference.

With a processing system, the speed of scanning may be
drajnatically increased* with a system which only scans positions
where known clusters of polymer are attached. This allows the

15 scanninij mechanism to skip over areas which have been
determined to lack any polymer clusters and avoids loss of time
in scauining useless regions of the matrix. Moreover, various
problems with spurious or overlapping signals may be adjusted
for by appropriate analysis.

20 A scanning apparatus which may be used for tne
presently described uses is schematically illustrated in .

Fig* 7. A substra-be 52 is placed on an x-y translation
table 54. In a preferred embodiment the x-y translation table
is a model no. PUSOO-Al manufaeiiured by Hewporfc Corporation.

25 The x-y translation table is connected to and controlled by an
appropriately programmed digital computer 56 which may be, for
example, an appropriately programmed IBM PC/AT or AT compatible

computer « Of course, other computer systems, special purpose

hardware, or the like could readily be substituted for the AT
3o computer- used herein for illustration, computer software for

the translation and data collection functions described herein
can be provided based on commercially available software
including, for example, "Lab windows'* licensed by National
Instruments, which is incorporated herein by reference for all

35 purposes.

The substrate and x-y translation table are placed
under a microscope 58 which includes one or more objectives 60.
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Light (about 488 nm) from a laser 62, which in sane enbodinents
is a jiiodel no. 2020-05 argon ion laser manufactured by
Spectraphysics^ is directed at the eubstirate hy a dichroic
mirror 64 which passes greater than about 520 nm wavelength

5 light but reflects 488 nm light. Dichroic airror 64 may be,
for example, a model no. FF510 manufactured by carl Zeiss.
Light reflected freaa the mirror then enters the microscope 58
which may be, for example, a model no. Axioscop 20 manufactured
by Carl Zeiss. FluoresceinrmarJced materials on the substrate

10 Will fluoresce >488 nm light, and the fluoresced light will be
collected by the microscope and passed through the mirror. The
fluorescent light from the substrate is then directed through a
wavelength filter 66 and, thereafter through an aperture plate
68. Wavelength filter 66 may be, for example, .a model no.

15 OGS30 manufactured by Uelies Griot and aperture plate 68 may
be, for exaiqile, a model no. 477352/477380 manufactured by Carl
Zej.Be .

The fluoresced light then enters a photomultiplier
tube 70 which in one embodiment is a model no. R943-02

20 manufactured by Hamanat^, the signal is amplified in
preaiq>lifier 72 and phcytons are counted by photon oQunter.74.
The number of photons is recorded as a function of the location
in the computer 56. Pre-Amp 72 may be, for example, a model
no. SR440 manufactured by Stanford Research systems and photon

25 counter 74 may be a model no. SR430 manufactured by Stanford
Research Systems. The substrate is then moved to a subsequent
location and the process is repeated, in preferred embodiments
the data are acquired every 1 to 100 Mm with a data collection
diameter of about 0.8 to 10 /im preferred. In embodiments with

30 suf£io3.ently high fluorescence, a CCD detector with broadfield
illumination is utilized.

By counting the number of photons generated in a given
area in response to the laser, it is possible to determine
where fluorescent marked molecules are located on the

35 substrate. Conseqpiently, for a substrate which has a matrix of
polypeptides, for example, synthesized on the surface thereof

>
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I't iJ& possible t.o dL&tovm±n& which of t;h6 poXypep'tldes has
izicorpora-ted a fluorescenUy marked monomer.

According to preferred embodiments, the intensity and
duration of the light applied to the substrate is controlled by

5 varying the laser power and scan stage rate for improved
slgneil-to^^oise ratio by maximizing fluorescence emission and
minimizing background noise. Signal analysis may improve the
resolution and reliability of the system. The time of photon
counting may be varied at various positions to provide high

10 signal t:o background or noise.

D- SynHft^tiic: 9;^Decrz-ada1:ive Cycle

The. present invention provides a substirate with
positionally separated polymers for sequencing « The separation

15 may be by solid phase carriers separated in separate wells, by
separately manipulable carriers such as beads or marbles, or by
physical separation of regions on a two^-dimensional substra'te

surface. Each cluster region is a target for the sequencing
reactions. Although the reactions are, in various embodiments,

20 performed on all the clusters together, each cluster can be
individually analyzed by following the results from the
sequence of reactions on polymer clusters at positionally
defined locations.

The synthetic mode, as illustrated In Fig. l is easily
25 applied to the sequencing of nucleic acids, since one target

strand may serve as the template to synthesize .the

complementary strand. The nucleic acid can be DNA, RHA or
mixed polymers. For the purposes of illustration, and not by
limitation, the sequencing steps for DNA are described in

30 detail. The synthetic mode, an exas^le of which is depicted in

Fig. 8 for nucleotides, may also be useful in circumstances
where synthesis occurs in response to a known polymer sequence.

The synthetic scheme depends, in part, on the stepwise

elongation by small and identifiable units* A polymerase is

35 used to extend a primer complementary to a target template.

The primer is elongated one nucleotide at a time by use of a

particular modified nucleotide analog to which a blocking agent
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is added and which preventa further elongation. This blocdclng
agent is analogous to the dideoxy nucleotides used in the
Sanger and Coulaon sequencing procedure, but in certain
embodlMients here, the blocKage is reversible. This analog is

5 also labeled with a removable moiety, e.g., a fluorescent
label, ao that the scanning systein can detect the particular
nucleotide incorporated after its addition to the
polymerization primer.

Panel 4A illustrates the cycle of sequence reactions
10 in one embodiment. The template polymer 82 located at a

particular site has already been linked to substrate. The
template 82 and complementary primer 84 are hybridized. Often,
the primer 84 is common to all of the target template
sequences, selected by its common occurrence on a selected

15 cloning vector. The primer 84 is also often covalently
crosslinked to the target template 82 using psoralen and U.V.
light,

l*abeled and blocked monomers 86 are shown, the label
depicted by the asterisk and the polymerization blocking groups

20 indicated by B. • A compatible polymerase 88 which can elongate
the primer with the labeled blocked monomers 86 is used in
reaction l. In the preferred embodiment, the separate labeled
monomers can be distinguiehed from one another by the
wavelength of fluorescent emission.

25 In the example illustrated, a labeled blocked
guanosine monomer has been incorporated into the elongated
primer 90.

step 2 is a scan, where the signal at the position
corresponding to template 82 indicates that the guanosine

30 analog was incorporated. Reaction 2 is performed, a removal of
both the label and blocking group. It will be recognized that
the blocking group prevents elongation by any more than a
single nucleotide in each reaction cycle. Reaction 3 is
equivalent to reaction l, though the substrate primer has been

35 elongated by one monomer*

Panel B illustrates the scheme in a logic flow chart.
The template 82 is attached to the substrate, either directly
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or tbrough -the primer « Reaction 1 elongates the primer by a

single labeled blocked nucleotide. A scan step is performed
and the blocking and labeling agents are removed. The

elongation reaction is performed and the cycle repeated
5 For a nucleic acid^ a unit for addition would

typically be a single nucleotide. Under certain circumstances,
dimers or trimers or larger segments may be utilized, but a

larger nuzober of different possible nucleotide elements

requircis high distinguishability in other steps. For example,

10 there are only four different nucleotide monomer possibilities,

but there are sixteen different dimer possibilities. The

distinction among four possibilities is more precise and simple

than a&tong sixteen dimer possibilities. To prevent elongation

by a imit length greater than one monomer, the nucleotide
15 should be blocked at the position of 3 < elongation. Usually,

the nucleotide will be blocked at the 3 hydroxyl group where

successive nucleotides would be attached.. In contrast to a
dideoxy nucleotide, typically the blocking agent will bo a

reversible blocking agent thereby -allowing for deblocking and

20 subsequent elongation.

Variations may be easily incorporated into the

procedure* Xf the labels on the monomers are not

distinguishable, successive substrate scans can be performed

after each monomer is provided conditions allowing its

25 incorporation. Alternatively, a small fraction of permanently

blocked but reversibly labeled monomers may be incorporated.

Tho&6 specific molecules which incorporate the blocked monomers

are permanent:ly removed from further polymerization, but such

is acceptable if the labeling moiety is also removed*

30

1. other monomers

One important functional property of the monomers is

that the label be removable. The removal reaction will

preferably be achieved using mild conditions. Blocking groups

35 sensitive to mild acidic conditions, mild basic conditions, or

light are preferred « The label position may be anywhere on the

molecule compatible with approprialie polymerization, i.e..
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complementary to the template, by the selected polymerase. A
single polymerase for all of the modified nucleotide is
preferred, but a different polymerase for each of the different
monomers can be used.

5 Nucleotide analogs used as chain-terminating reagents
will typically have both a labeling moiety and a blocking agent
while remaining compatible with the elongation enzymology. ab
the blocking agent will usually be on the 3» hydroaeyl position
of the sugar on a nucleotide, it would be most convenient to

10 incorporate the label and the blocking agant at the same site,
providing for a single reaction for simultaneous removal of the
label and blocking agent. However, it is also possible to put
a label on another portion^ of the nucleotide analog than the 3

•

hydroxyl position of the sugar, thereby requiring a two-step
15 reaction cycle for removing the blocking and labeling groups.

Analogs will be found by selecting for suitable
combinations of appropriate nucleotides with Compatible
polymerases, in particular, it is desired that a selected
polymeirasa be capable of incorporating a nucleotide, with

20 selectivity, having both the blocking moiety and the label
moiety attached. It has been observed that SNA polymerases are
less fastidious with respect to the nucleotide analogues which
will be polymerized into a growing chain, see, e.g.,
Roaovaskaya, T. , et al. (1977) Moletailyai^ava BiolnaW^.

2S 11:598-610; Kutateladze, T. , et al. (1986) Molekulvat^va
BjologaYa / 20J267-276; and Chidgeavadze , Z. , et al. (1985) FEBS
iSfeteES., 183s 275-278. Moreover, those references also indicate
that rather significant chemical moieties may be attached at
the 2' or 3' positions on a nucleotide, and still be correctly

30 incorporated at the growing chain terminus.
In particular, it is not necessary that the same

nucleotide have both the reversible blocking moiety and the
removable labeling moiety, as a combination of two separate
nucleotide analogues could be utilized, e.g., Nl, which is

35 reversibly blocked and not labeled, emd N2, which is
irreversibly blocked but removably labeled. Note that the
removal of label may be affected by destruction of the label.
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e*g;, fluorescence des-kxruction, or preferably by removal. Bo-th

of thes^ nuoleoi;ides laight be, for Instance,. A euialogues. With
the mlJictare, at: an appropriate sequence position of a target
sequence, an Nl and N2 nucleotides can be incorporated at an

5 appropriate ratio, and these can be polymerized by either two
separate polymerases, or preferably a single polymerase*

For example, two separate polymerases might be
necessary, Fl which incorporates Kl, and P2 which incorporates
N2* At: the given location in the sequence, some of the growing

10 polymers will inoorporate Nl with Pi polymerase, and others
will incorporate N2 with the P2 polymerase • The proportions of
Nl, N2y PI, and P2 may be titrated to get the desired
fracticmal proportions of the Nl ,reversibly blocked nucleotides
and the N2 labeled but irreversibly blocked nucleotides,

15 As all of the growing chains have blocked nucleotides,
no elongation takes place beyond a single nuoleotide* The N2
nucleotides provide a specific label, detected in the scanning
step. After determination of the incorporated label, the label
may be removed or destroyed, and those* irreversibly terminated

20 growing chains become permanently removed from further

particj.pation in the secpiencing process. Fhotodestruction may
be achj.eved by a high intensity laser beam of the correct

wavelength. See, e.g., Karch (1977) Advanced organic
r!^gip^i«t.rvg Reactions^ Mechanisms and Structure (2d Ed) HcGraw;

25 and Carey and Sundberg (1980) Advanced Organic Chemistry: part
A Struct-ii-r^ and Mechanisms ^ Plenum.

Next, the reversible blocking moiet;y is removed,

providing a new set of slightly longer polymers ready for the

next step. Of course, the amount of label necessary to be

30 incorporated must be detectable, preferably with a clear,

unambiguous positive signal. The amount of label incorporated

will depend, in part, upon the conditions in the polyraizing

step and the relative incojrporation of the Nl and N2

nucleotiides . The proportions of the nucleotides, polymerases,

35 and other reagents may be adjusted to appropriately incorporate

the desired proportions of the nucleotides.
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In an embodineni: where a single polymerase will
incorporate both Nl and N2, the relative proportions and
conditions to get the correct incorporation levels of the two
nucleotides can be titrated. In an alternative preferred

5 eabodijftent^ a single nucleotide will have both the reiaovable
label and the reversible blocking moiety.

A similar approach may be necessary where only some
fraction of the nucleotide analogues is labeled. Separate
polymerases might also be useful for such situations, and eacOi

10 polymerase may have special conditions necessary for activity.
Procedures for selecting suitable nucleotide and

polymerase combinations will be readily adapted rom Ruth et al.
(1981) Molecular. Pnannacoloay 20:415-422; Kutateladze, T., et
al. (984) lauo, AQlda Res., 12:1671-1686; Kutateladze, T. , et

15 al. (1986) Molekulvarnava Biolocyiva 20:267-276; Chidgeavadse,
Z., et al. (1985) FEES i^tteyfl

^ 183:275-278? and Rozovskaya,
T., et al. (1977) Molekulvamava Biolocriya 11:598-610..

The determination of termination activity is done in
two steps. First, nucleotide analogues are screened for the

20 ability of the compound to inhibit polymerase activity • Then
the nucleotide analogue is tested for base-specific termination
as manifested by generating a correct Z3NA sequencing ladder on
a template of Icnown seqpiencjB. . The appropriate reaction
conditions are those used for conventional sequencing reactions

25 with the respective polymerases. The conditions are then
modified in the usual ways to obtain the optimal conditions for
the particular terminator compound (e.g. concentration of
terminator, ratio of terminator to dUTP, Mgtt, and other
reagents critical to proper polymerase function.

30 By way of example, an approach employing the
polymerase known as reverse transcriptase (AMV) will be
described. The initial conditions are essentially as described
by Protoer, et al. (1987) sc^enge 238: 336-341.

A nucleotide analogue is first selected from the group
35 available from a commercial source such as Amersham, New

England Nuclear, or Sigma Chemical company. In particular.
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nucleotides which are reversibXy blootea from fujrther

elongation, especially at the 3' or 3' -oh will be used.

General pr«^rties which are desired have be^

described. Each of these analogs can be tested for

5 ooBipatibility with a particular polymerase by testing whether

such polymerase is capable of incorporating the labeled analog.

Various polymerases may be screened, either natural forms of

the mentioned types, or variants thereof. Polymerases useful

in connection with the invention include fi. Coli DKA polymeraae

10 (KLenow fragment) ; are JOLenow and Henningsen (1970) Proe, yal;*!.

an^rt HQl PSA 65:168 7 and Jacobsen et al. (1974) P^gi J*

piQchem. 45:623; modified and cloned versions of T7 DNA

polymerase (Segaenase and sequenase 2.0) j see Tabor and

Richardson (1987) ^r^r.. wai. « 1 i^^^^H fiel. PSA 84:4767; and Tabor

15 and Ri.chardson (1987) -t, Riol. Chem. 263:15330; Tag DMA

polymerase from thermostable Thermus aquaticus; see Chien et

al. (X976) T. Bacjterol . 127:1550; and its cloned version

Amplitaq; Saiki and Gelfand (1989) ftinfta,4,g4.catj,Qiia X:4> T4 dna

polymorase; see Nossal (1974) iT. - 249:5668, and

20 various reverse transcriptases, both KNA- and DMA- dependent

DNA polymerases, e.g., avian retroviruses; see Houts (1970) 3^

viToloav 29:517; and murine retroviruses; see Kotewicz et al.

(1985) Gene 85:249? Gerard et al. (1986) SS^ 5:271; and Bst

polymerase; see Ye, 8. and Hong (1987) sejentla ff^Jlia^ 30:503-

25 506.

In order to ensure that only a single nucleotide is

added at a time, a blocking agent is usually incorporated onto

the 3' hydroscyl group of the nucleotide. Optimally, the

block Lng agent should be removable under mild conditions (e.g.,

30 photosensitive, weak acid labile, or weaK base labile groups)

,

tneretoy allowing for further elongation of the primer strand

with a nesct synthetic cycle. If the blocking agent also

contains the fluorescent label, the dual blookihg and labeling

functions will be achieved without the need for separate

35 reactions for the separate moieties.

The blocking group should have the functional

properties of blocking further elongation of the polymer.
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Addl-bional desired properties are reversibility and inertness

to the sequencing reactions* Preferably, where an enzymatic

elongation step is used, the monomers should be compatible with

the selected polymerase, specific examples for blocKing groups

5 for tJie nucleic acids include acid or base labile gzroups at the

3 « OH position. See, e.g., Gait (1984) oij.gonuc?1^9l^ide

syntheais; A Practical Approach. IRL Press/ Oxford.

A DNA^ependent ONA polymerase is the polymerases of

choice. Polymerases used for conventional DNA sequencing, for

10 example, Klenow fragment of B-coli DNA Pol, Sequenase (modified

T7 DNA polymerase) , Tag (Theiriqug ^qufttl^ijis) DNA polymerase, Bst

(Bacillus, atearotHerTnophilus^ , DNA polymerase, reverse

tranescriptase (from AMV, MHCLV, RSV, etc.) or other DNA

polymerases will be the polymerases of choice. However, there

15 is a functional constraint that the polymerase be compatible

with the monomer analogues selected* screening will be

performed to determine appropriate polymerase and monomer

analog combinations.

Removal of the blocking groups may also be unnecessary

20 if the labels are removable. In this approach, the chains

incorporating the blocked monomers are permanently terminated

and will no longer participate in the elongation proojasses. So

long as these blocked monomers are also removed from the

labeling process, a small percentage of permanent loss in each

25 cycle can also be tolerated.

The fluorescent label may be selected from any of a

number of different moieties. The preferred moiety will be a

fluorescent group for which detection is quite sensitive.

Various different fluorescence-labeling techniques are

30 described, for example, in Cambara e^...al- (1988) "Optimization

of Parameters in a DNA Sequenator Using Fluorescence

Detection," BlaZZ£ShZ£Si- 6s8l6-821j SmitU s£^_al- (1985) fitisli

Acida Res. X3 : 2399-2412 ? and Smith et al , (1986) Hajfey^re

3212 674-679, each of which is hereby incorporated herein by

35 reference. Fluorescent labels exhibiting particularly high

coefficients of destruction may also be useful in destroying

nonspecific background signals*
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Appropriate blocking agents Include, among others,

light sensitive groups sue* as 6-nitoveratryl-oxyearbonyl

(MVOC) , 2-nitobenzyloxycarbonyl (NBOC) , a,o-dimethyl-

dimethoaeybenzyloxycarbonyl (DDZ) , S-brojiio-7-nitroindolinyl , o-

5 hydroxy-2-»etbyl cinnamoyl, 2-oxy3nethylene anthraguinone, and

t-butyl oxycaxbonyl (TBOC) . Other blocking reagents are

discussed, e.g., in PCT publication no. WO90/1S070; Patcbomik

(1970) J- -ABier. f^^etn- SoQ. 92 9 6333; and Amit et (X974) J^.

î ytt. Oiem. 39:192, all of which are hereby incorporated herein

10 by reiference. Additional blocking agents attached to

particular positions may be selected according to the

functional directives provided herein.

Pig. 9 schematically illustrates the synthesis of a

generic protected nucleotide. A suitable nucleotide is labeled

15 with the FMOC fluoreacently detectable label by reaction under

the conditions described, e.g., in U.S.S.H. 07/624,114, with

(THS-Cl) , FMOC-Cl, and H3O.. A protection ttotety will be added

using conditions also described there.

Various nucleotides possessing teatures useful in the

20 described method can be readily synthesized. Labeling moieties

are attached at appropriate sites on the nucleotide using,

chemistry and conditions as described, e.g. , in Oait (1984)

Q;Ligonuciffft^-^ «^« synthesis . Blocking groups will also be added

using conditions as described, e.g., in U. S.S.N. 07/624,114.

25 Figura 9 also outlines various reactions which lead to useful

nucleotides

.

Additionally, the selected polymerases used in

elongation reactions should be compatible witn nucleotide

analotjs intended for polymerization to the primer. Simple

30 screening procedures for nucleotide and polymerase combinations

may bo devised to veirify that a particular combination is

functional. A test using primer with tenqilate which directs

the a.adition of the nucleotide analog to be incorporated will

determine whether the combination is workable. Natural

35 polymerases or variants thereof may be used under particular

defined conditions.
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Hie degradatlve scheine Is generally Illustrated in

Fig. 1, an example more generally appliceible to biological

macromolecular polymers is depicted in Fig* 10. This method is

useful for a wider variety of polymers without the limitations

5 Imposed by the need to replicate the polymer « The degradatlve

sequencing technique depends^ in part^ upon the ability to

specifically label or distinguish between various different

terminal monomers at particular matrix positions* Reactions

for epeclCic removal of a defined monomer lanit are important.

10 This monomer distingulshabillty can arise from an

ability to differentiate between label on the various possible

moncmars in the polymer. As a second means, distinguishability

can come from specific reagents which react with particularity

on different monomers. Thus, for instance, labels may be used

15 which generally attach to the terminal nucleotide, but whose

fluorescent signal differs depending upon the nucleotide* As a

third means, a reagent which specifically affects the label on

only one monomer may be used, as described below*

In the first exaiq>le« every polymer cluster will be

20 labeled at a particular end, e.g., the 5* end, without

specificity for the monomer located there. The scan step. will

be able to distinguish the terminal monomers, after which each

labeled terminal monomer is specifically removed. The general

label step is repeated in the cycle as described.

25 In the second means for distinguishability, reagents

are used which produce a signal which is dependent upon the

terminal nucleotide. For example, a labeling molecule which

binds only to one specific terminal monomer will provide a

monomer specific label. This will provide a cycle much like

30 the first means for distinguishability where the properties of

the label is different depending upon the terminal nucleotide

to which each specific labeling reagent binds.

In the third means for distinguishability, an

individual reagent labels or affects only a specific terminal

3S monomer. Polymers susceptible to each reagent by virtue of

terminating with the corresponding monomer will have its label

specifically affected • A scan of the matrix after each step
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positions correspona to polymers ending with a susceptible

monomer. Performing a removal step with a second monomer-

specific reagent followed by a scan will identify those

S positional locations having polymer clusters ending with that

second monomer- A similar reagent for the other possible

monomers will further define all of the possibilities.

Finally, when all of the possible monomers have been removed^

the labeling reaction may be repeated and the succession of

10 specific reagent and scanning steps will also be repeated.

This procedure allows for a succession of automated steps to

determine the sequence of the polymer dusters localized to

distinct positions*

Finally, a combination of both specificity of reagent

15 and ability to distinguish label on different monomers can be

utilized* Neither alone need be relied upon exclusively.

Thus^ in the case of nucleotides, an ability to distinguish

into two separate classes of nucleotides, e.g., A and c from G

and combined with specific reagents for distinguishing

20 between the indistinguishable label pairs, e.g, , in the example

provided, A from C, or G from T, can also provide sufficient

information for sequencing*

Instead of performing four specific reactions on the

same substrate matrix^ each of the four individual reactions

25 can be performed on separate parallel matrices. Four separate

substrate matrices may be made by a replica plating or

successive transfers, each matrix having the same spatial

distribution of polymer clusters. Thereby, each separate

substrate can be subjected to only a single specific reagent in

30 a highly optimized reaction* On each cycle, one out of the

four parallel substrates should show a signal indicating the

monomer at the terminal for the cluster at a given matrix

position*
ItDcewise, two parallel substrates can be provided^ and

35 each of the parallel substrates is used to determine two of the

four possible nucleotides at each position. Instead of

treating a single matrix with four separate reactions, tuis
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approach allows tireatlng each of two subst:ra1:e& with only two

separate reactions. By minimizing the nunitoer of reactions to

which each chip is exposed, the side reactions will be

minimized, the chemistry will be optimized, and the number of

5 cycles through which a matrix will survive will be optimized.

This provides an advantage in the number of cycles to which a

matrix can be subjected before the signal to noise becomes

indistinguishable

.

10 Label

oihe label is important in providing a detectable

signal. The signal may be distinguishaUale among the various

monomers by the nature of the signal, e.g., wavelength or other

characteristic, as described in Prober et al. (1987) Science

IS 238:336-311. A monomer-specific reagent can allow
determination of whether each position has a particular

teinninal monomex- by the px-esence ox* loss of leibel.

The label on the monomer may be a ncncovalent
at'tacbment, but will be preferably a direct covalent

20 attachment. The label will typically be one which is capable

of high positional resolution and not interfere with the •

nucleotide^specific chemistry or enzymology. Although many
different labels may be devised including enzyme linlced

immunosorbent assays (ELTSA) , spectrophotometric labels, light

25 producing or other labels, a fluorescent moiety Is the

preferred form. For example, an avidin/biotin type affinity
binding may be useful foir attaching a particular label.

Alternatively, an antibody may be used which Is specific for

binding to a particular terminal monomer* A wide variety of

30 other specific reagents can be used to provide a labeling

function* See , for example, U.S. S.N. 07/624,114,
The means of detection utilized will be selected in

combination with various other considerations. Xn some

circumstances, a spectroscopic leJsel may be most compatible

35 with a particular monomer. Enzyme 1indeed assays with a

spectrophotometric detection system are a workable system.

Phosphorescent or light producing assays provide hi^h
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sensitivity using charged couple devices. Fluorescent systems

provide the same advantages, especially where the incident

light beam is a laser. The fluorescent label also may provide

the added advantage of fluorescing at different wavelengths for

5 the different monomers, providing a convenient means to

distinguish between different monomers* otlier forms of label

may be desired for various reasons, for example, magnetic

labels, radioactive labels, heavy metal atoms, optically

detectable labels, spectroscopically detectable labels,

10 fluorescent labels, and magnetic labels.

For ^eguenclng nucleic acids by this method, the

labeled monomers are simpler than those monomers used for the

synthetic method. The blocking group is unnecessary, but

terminal specific reagents are more difficult to produce.

IS The preferred attachment sites will be at the &ame

location as the blocking site, so a combined label and blocking

moiety is more preferred. The label will be attached as

described, e.g*, in U.S.S«M. 07/624,114^

Two types of degradation cycles can be used, either

20 non-specific removal of the terminal labeled nucleotide, or a

base-specific removal. With the non*-specific removal- means,

each of the end monomers, when labeled, should be

OistinguisheUole from the other three monomer possibilities.

Tliis allows for determination of the terminal nucleotide for

25 tlie cluster localized at a given matrix* position. Then the

terminal, labeled nucleotides are non-specifically removed and

tine newly exposed terminal nucleotides will be again

distinguishably labeled.

By this scheme, a specific label for each of the

30 different nucleotides may be provided. For example,

fluorescent reagents specific for each of the nucleotides may

provide a signal with a different wavelength. This will more

u&iually ooour when the fluorescent probe is located near the

bcise moiety of the nucleotide In the scanning step, the

35 regions terminating with each of the four different nucleotides

may be determined. Then, a reaction is performed removing the

labeled terminal nucleotides from all of the polymers. This
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reBLoval may be either ensyvia-bic, using ^ phosphatase/ an

exonuclease or other similar enzyme, or chemical, using acid,

base, or some other, preferably mild, reagent. Again, the

reactions are performed which label each of the terminal
5 nucleotides and a scan step repeated in the same manner. in

the base-specific removal scheme, nucleotide-specific removal

can be performed. For example, an enzyme vhich will function
to remove only a single modified nucleotide, e.g., a 5*-

fluorescein-dAMF-»speclflo exonuolease, is constructed. This

10 may be achieved by proper construction of a catalytic antibody*

Other similar reagents may be generated for each of the other
labeled nucleotide monomers*

Catalytic or derivatized antibodies to catalyze the

removal of the 3^ -end or S'-Aost fluorescent base in a base-
15 specific manner may be constructed as follows « A recombinant

antibody library or a series of monoclonal antibodies is
screened with fluorescent donor^guenoher substrates. These
substrates consist of a fluorescent labeled base (A, C, G, or

T) on the 5* or 3' end joined by a 5" to 3* phosphodiester

20 linlcage to a second base. A collection of all four possible
second bases for each of the four end bases gives the best
selection target for the required non-specificity with respect
to the second base« The second base is then tethered to an
acceptor group in sufficient proximity to guench the

25 fluorescence of the end group. In the presence of a catalytic
antibody with cleaving activity, a fluorescent signal occurs
from the separation of the quenching group from the terminal
fluorescent label. To assure both base and end specificity,

the positive monoclonal antibody clones are rescreened against
30 the other substrates.

upon selection of an antibody eachibiting the desired
specificity (or lack thereof) , the reactive group for .cleavage

may be attached. This cleavage reagent may be chemical cr

enzymatic and will be attached by an appropriate length linker
35 to the antibody binding site in an orientation which is

consistent with the steric requirements of both binding and
specific cleavage.
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Particnlarly useful speoifio reagents may be produced

try malcing antibodies specific for each of the four different

modified terminal nucleotide .bases . These antibodies would

then specifically hind only to polymers terminating in the

5 appropriate base analog. ' By combining a cleavage reagent to.

the specific antibody, a terminal nucleotide epeoific cleavage

reagent is generated.

In one example of the degradative embodiment, all of

the polymers may be uniformly labeled at a particular end.

Id oaiereafter, a specific removea reaction irtxich removes only a

paz±:leaiar nucleotide may be performed, leaving the three other

nucleotides labeled. Thereafter, a scanning step is performed

through which all regions which had incorporated that

particular nucleotide will have lost the label through specific

15 removal. Then, the second specific reagent will be applied

which specifically removes the second labeled nucleotide, and

the scanning step following that reaction will allow

determination of all regions idiidh lose the second particular

nucleotide. This process is repeated with reagents specific

20 for each of the last two remaining labeled nucleotides

interspersed with scanning steps, thereby providing information

on regions with each of the nucleotides located there. Then,

the entire process may be repeated by labeling the next

terminal nucleotides uniformly* As mentioned below,

26 replication tedbniques may allow for making four separate but

identical matrix substrates. Each substrate may be subjected

to single nucleotide-specific reactions, and the scan results

correlated vith each of the other parallel substrates.

in the degradation echeme, the poljrnucleotide linlcage

30 to the matrix must be more carefully selected such that the

free end of the oligonualeotida segments used for attachment

will not interfere with the determinations of the target

sequence terminus.

35 F. ntiiltv

The present sequencing method is useful to monitor and

check the accuracy and reliability of the synthetic processes
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a& described in FCT publica1:ion no. W0d0/I507a. The present:

roe-thod can be used to check the final products synthesized

therein, or to label each nonomer as they are added stepwise to

monitor the efficiency and accuracy of those synthetic methods.

5 The present invention can also be used to monitor or
sequence matrix bound clusters of poaitionally distinct

polymers. This sequencing process provides the capability of

simultaneously secp;iencing a large plurality of distinct

polymers vblab are positionally segregated.

10 The method will be used to sequence extremely large

stretches of polymer, e.g., nucleic acids. A large number of
shorter segments of a large sequence can be sequenced with
alignment of overlaps either randomly generated, or in an

ordered fashion, or particular seguenceable segments of a large

15 segment can be generated. In one approach, a large segment is

suboloned into smaller segments and a sufficient number of the

randomly generated subclones ere sequenced as described herein
to provide seqpience overlap and ordering of fragments.

In an alternative approach, a large segment can be

20 successively digested to generate a succession of smaller sissed

subclones with ends separated by defined numbers of monomers.

The subclones can be size sorted by a standard separation
procedure and the individual samples from a separation device

manually or automatically linked to a matrix in a defined
25 positional map. Fractions resulting from size separation can

be spatiially attached at defined positions, often at adjacent
positions. Then polymer sequences at adjacent positions on the

matrix will also be known to have ends which differ by, e.g.,

approximately 25 or 50 or more monomers, thereby providing
30 significantly greater confidence' in overlapping sequence data.

III. fipfigj^fiP gmbodlTnept^

A specific series of reacnions for sequencing a matrix
of polynucleotides is described.

35
'
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'A. ^vntheiilc Method

This metHod involves annealing a primer (cononon to all

tbe attadhe^l seijuences by virtue of the cloning construction)

near to the 3* end of the unlcnown target sequences. DNA

polymerase, or a similar polymerase, is used to extend the

chains by one base by incubation in tbe presence of dNTP

analogs which function as both chain terminators and

fluorescent labels. This is done in a one-step proceee Where

each of tbe four dHTP analogs is identified by a distinct dye,

such as described in Prober et al . Science 238;336-341, or in

four steps, each time adding one of the four bases,

interspersed with a scanning identification step. When each

cluster incorporates the proper one of the four bases and the

fluorescence scanning is complete, the matrix is stripped of

the label and the chain terminators are debloc]ced. for a next

round of base addition. Because the base addition is directed

by tbe template strand, the complementary secpience of the

fragments at each address of the matrix is deduced*

20 (1) Attachment to a surface.

Both degraditive and synthetic sequencing methods

begin by obtaining and immobilizing the target fragments of

unKnown sequence to be determined at specific locations on the

surface*

25 There are several strategies for photo-directed

attachment of the dna strands to the surface in an orientation

appropriate for sequencing. A caged biotin technique, ssSr

e.g., PCT publication no- WO9l/07087, is available. Another

technique that is especially applicable for the enzymatic

30 synthesis method is to chemically attach a synthetic oligomer

by the S» end to the entire ^rfaco (see Pig. 6), to activate

it for photocrosslinlcing (with psoralen, for example) and to

anneal the coniplementary strands and photocrosslinK the target

strand of unlcnown sequence (complementary to this

35 oligonucleotide at the 3' end) at the specific location

addressed by lights In this case, the oligonucleotide serves

as both the attachment linker and as the synthetic primer. A

10
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-bhird method is to physically transfer individual nucleic acid
samples to selected positions on the matrix, either manually or
automatically.

Many sequences in each step are attached by cloning

5 the library into a series of vectors identical except for the

sequences flanking the insert. These primers can be added at

the point of amplification of the cloned DNA with chimeric

primers*

Alternatively! sequences are attached to a matrix
10 substrate by colony or phage immobilization. This directly

transfers the positional distribution on a petri plate to a

usable substrate. Colonies representing a shotgun collection

of sequences (enough to assure nearly complete coverage by
overlap) are spread over (or in) a nutrient surface at a

15 density to give about 100 or more colonies or plaques in
several square centimeters p' and the colonies are allowed to
grow to about 0,1 mm in diameter (the maximum possible density
of clusters at this size is •*io«ooo cplpnies/cm^) . As

described above, replica platings or successive transfers may
20 allow for preparation of multiple matrices with identical

positional distributions of polymers • Each separate matrix may
then be dedicated to the reactions applicable to a single
monomer.

For example, in the use of a phage library, on a petri
25 dish, the transfer substrate surface is treated to release DNA

from tlie phage. This is done, e.g., with CHCI3 vapor, SDS«-

NaOH, or by heating. Prior to release of DNA, the phage

particles are often adsorbed to the surface by way of an

antibody to the coat protein that lias been immobilized on the
30 surface. This strategy prevents diffusion of the phage from

the colonies . The matrix surface is prepared by coating with
an oligonucleotide, immobilized to the surface by one end that
has homology with the phage vector DNA adjacent to the cloning
site.

35 The matrix surface is, juxtaposed to the growth

surface, and the phage DNA is allowed to anneal to the

immobilized oligonucleotide. The growth surface is removed,
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and tbd hybrid Is stabilized by psoralexi or an equivalent

croSBl:Ln]d.ng reagent.

This method provides an efficient one-step method of

placing- many UNA fragments onto the detection surface in

5 preparation for sequencing. Although the colonies are not

placed in predefined locations, the random arrangement of the

clusters allows the final sequence to be assembled from

correlation of overlap sequence data derived from sequence data

derived from each of the defined positions of each target

10 cluster*
Sequences are, in other embodiments, attached by a

manual or automated transfer technique • A few cells from each

colony in a library is toothpioked into microliter wells. The

plate is heated to ^XQQ^c for a short period to lyse the cells

15 and release the DNA. Th& plate is cooled and reagents for

cycled amplification of the DNA using, e*g«, PGR technology,

are adcled, including primers common to all the cloned

sequences, gee, e*gw Innls et al . (1990) PCR Protocols

g

Guide to Mettiods and Applleationa , Academic Press, which is

20 hereby incorporated herein by reference. The DNA is amplified

asymmetrically by unbalanced primer concentration to yield an

excess of one strand for seqpiencing and attached to a substrate

by liiantial or automated means.

An alternative form of automated localization is

25 descril)ed above in positioning of a succession of smaller sized

polymers which are manually or automatically linked to the

substrate in a pattern reflecting sequence overlaps.

(2) Enzymatic polymerization method

-

30 The nuclciic acid template is, in some embodiments,

attached to the surface by either the 5» or the 3* end, usually

by a method as described above. A preferred method of

attachment is to anneal the template to an oligonucleotide

attached to the surface and to crosslink the template to the

35 oligonucleotide- Oligonucleotide primers are usually

synthesized chemically- In this case, the immobilized

oligonucleotide may also serve as a primer for polymerization.
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Becaiisse polymerIzatiion proceeds 5' to 3 * on tzhe primer « tJie

1:einpla-be will be attached by its 3' endf or a site 3' proximal

to the region to be sequenced/ for the purposes of the

description to follow

«

5 Step 1: A DNA-dependent , DNA polymerase such as

those used for conventional DNA sequencing, for example, Klenow

fragment of E^coli DNA Pol, sequenase (modified T7 DNA

polymerase). Tag fTOiermus_aauatlcus> DNA polymerase, Bst

fBaciUna atearpthermophilue^ , DNA polymerase, reverse

10 transcriptase (from AHV, MMLV, RSV, etc.) or other DNA

polymerases, Eind the reaction components appropriate to the

particular DNA polymerase selected, are placed in the

incubation chamber in direct contact with the surface.

step 2: Fluorescent chain terminators (analogs of

15 dATP, dCTP, dGTP, and TP, each labeled with fluorophore

preferably emitting at a distinguishable wavelength) are added
to the reaction at a sufficient concentration and under

^

suitable reaction conditions (time, temperature, pH, ionic

species, etc., see SambrooK jgiS^^ai. (198$) Molecular cicnlnc .

20 vols. 1-3, and Prober et ai .i to caiise essentially all of the

chains on the surface to be extended by one base and thereby

terminated. Detection of the specific label thereby

incorporated into each chain identifies the last base added at

each positional address in the matrix.

25 Step 3s The chain termination should be reversible

by some means, such as treatment with light, heat, pH, certain

other chemical or biological (enzymatic) reagents, or some

combination of these. Typically the chain termination results

from a blocking moiety which is labile to mild treatmcmt. By

30 one of these means, the blocked 3>OH of the terminating base

must be made available for chain extension in the next round of

polymerization.

Step 4: There are several suitable labeled,

terminator structures as follows

s

35 (a) The fluorophore itself functions as the chain

terminator by placement on the 3* hydroxy1 through a linkage

that is easily and efficiently cleaved (removing the label a:nd
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Xeaving tHe freo 3 "OH) by light:, heat, pH ehift, etc. The

surface Is scanned with a scanning system, e«g*f th&

fluorescence detection system described in PCT publication no.

W090/X5070; and O.S*S*ir. 07/624,120. Then, preferably in a

5 single step, the fluorophbre is removed and the chain is

activated for the nesct round of base addition

-

(b} The fluorophore is placed in a position other than the

3 "OH of the nucleoside, and a different group is placed on the

3 'OH of the dNTPa to function as a chain terminator* The

10 fluorophore and the 3» blocking group are removed by the same

treatment in a single step (preferably) , or they may be removed

in separate steps.

(c) An alternative polymer stepwise synthetic strategy can

be employed. In this embodiment, the fluorophores need not be

15 removable and may be attached to irreversible chain

termin«-itors. Exaanples of ^uch conpoUAds for use in sequencing

DNA include, but are not limited to, dideoxyiiucleotide

triphosphate analogs as described by Prober et al « (1987)

gdience 238:336-341. A second, unlabeled and reversible, set

20 of tenoinators is also required. Examples of these compounds

are deoxynucleotide triphosphates with small blocking groups

such ail acetyl, tBOC, NBOC and SVOC on the 3 'OH. These groups

are easily and efficiently removed under ocmditions of high or

low pH, eacposure to light or heat, etc. After each round of

25 base addition and detection, the fluorophores are deactivated

by eaeposure to light under suitable conditions (these chains

have their labeling moiety destroyed and remain terminated,

taking part in no further reactions) . The unlabeled,

reversible terminators are unblocked at the 3 'OH by the

30 appropriate treatment to allow chain extension in subsequent

rounds of elongation. TSie proportion of chains labeled in each

round <3an be controlled by the concentration ratio of

fluorescent to non-fluorescent terminators, and the reaction

can be driven to completion with high concentrations of the

35 unlabeled terminators.

(d) A single dye strategy is used where all the base

einaloq tczininator's carry the same fluorophore and each is are
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added one at a liiiaa: A, 6| T» The addition of each base is

followed by scanning detection . and labeled. After all four
fluorophore are added, reversal of the termination is

performed, allowing for the addition of the next base analog,
5 Then, each scanning 6tep determines whether the immediately

preceding labeled nucleotide had been incorporated at each
distinct position.

The structures of the fluorescent labeled and
reversible terminator base analogs are selected to be

10 compatible with efficient incorporation into the growing chains
by the particular DNA polymerase (s) chosen to catalyze
extension. For example, where two different chain terminators
are used, they may be utilized by two different polymerases
that are both present during the chain extension step.

15 Step 5: An optional step is the permanent capping of
, chain extension failures with high concentrations of
dideoxynucleotide triphosphates* This step seirves to reduce
the background of fluorescence caused by addition of an
incorrect base because of inefficient chain extension

20 (termination) at: an earlier step.

Step 6 8 After scanning to determine fluorescence,
the fluorofkhore is removed or deactivated. Deactivation of the
fluorophore can be achieved by a photodestruotion event*. The
chain elongation block is reversed (usually by removing a

25 blocking group to expose the 3 'OH) by suitable methods that
depend on the particular base analogs chosen; and the substrate
is washed in preparation for the next round of polymerization.

Step 7: Repeat the cycle*

B. Cftain p^gygd^tjon ?g?tho4

This method involves ladaeling the last base of the
chain (distal to the surface attachment) with a fluorescent tag
followed by base-specific removal. All the polynucleotide
clusters on the matrix are labeled using a standard labeling
moiety. Base-^specific removal of the last base of each chain,

interspersed with fluorescence scanning of the array, will
reveal the disappearance of fluorescence and hence the identity

30

35
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of title last base of each csbain. When all four labeled end

liajses bave been removed, the polymers attached to the matrix

are relabeled and the process is repeated, working successively

on the DNA chains.

5 Alternatively, if the label allows distinguishing

between different monoiaers, simpler degradation processes may

be employed. A single scsm step can distinguish between all

four possible terminal nucleotides. The four separate removal

steps are then combined into a single nonspecific terminal

10 nucleotide removal step.

The DNA will usually be attached to the substrate by

the 3' or 5 * terminus depending on the scheme of labeling and

cleavage. Because there are well-^known 5 '-labeling methods,

see, e.g.. Gait (1984) oilqonuclept:lde svnthesjLsi A Practical

15 Approach > TRL Press, Oxford, this discussion will assume the 3*

end is attached to the substrate with the 5' end free.

Step 1: All the 5 '-end bases are labeled with

5 1.specific cheikistry, e.g., 5* amino linkage to FITC, Nelson

et al . (1989) Wucl, Acids Res. 17:7179-7186, which Is hereby

20 incorporated herein by reference.

Step 2: scan the matrix to obtain the background

level

*

Step 3s optional; cap all of the labeling failures,

e.g., polymers whose ends were not labeled.

25 Step 4: The terminal A"s are removed with end-base,

A-specific reagents (such a reagent may be chemical or

biological). One example is a 5 ' -fluorescein-dAMP-specific

exonuclease made as a catalytic antibody (see the description

above for a scheme of producing tjiis reagent)*

30 step 5: Scan the matrix to detect those chains that

had terminated in A (these will be reduced in fluorescence

compared to the fluorescent labeled background)

•

Step 6 s Repeat steps 4 and 5 for each of other three

possible bases using the appropriate fluorescein-base-specific

35 cleavage reagent and scan after removal of each of the C's, the

G»s, and the T^s. This succession of steps will allow the
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de'be±^aiina1:ioh of tdie terminal nucleo-bide of each posl-hlonally

defined cluster.

step 7: Relabel the 5« terminal nucleotide of all the
new end bases that have been exposed by the earlier rounds of

5 cleavage, and repeat the stepwise removal and scanning
processes*

This approach can be extended to protein sequencing
using 20 catalytic antibodies (or other amino aoid-speoific
cleavage reagents) , each recognising a terminal amino acid and

10 removing that terminal residue

«

The process for sequencing may be summarized as

follows for enzymatic polymerization:

1) Target DHA templates (to be sequenced) are
attached at positionally defined locations on the matrix

15 substrate.

Z) Fluorescent chain terminators are added to a
primer under conditions where all polymer chains are terminated
after addition of the next base complementary to the template,

3) The matrix is scanned to determine which base was
20 added to each location. This step correlates the added base

with a position on the matrix

«

4) Chains failing to extend (and therefore to
terminate) are capped*

5) The fluorophores are removed or deactivated.
25 6) The terminators are activated for further chain

exten:5ion, usually by removal of a blocking group

«

7) Steps 2 through 6 are repeated to obtain the
base-by-base sequence of many different positionally separated
DNA fragments simultaneously.

30

C. Screenigq f^T nq^leotj^^e aTi^3,oq/pol.ymer^^^

combinations .

The use of a functional combination of blocked
nucleotide with a polymerase is important in the synthetic

35 embodiment of the present invention. It is important to ensure
that only a single nucleotide Is incorporated at the
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'appropriate step. Tbe following protocol describes how to

screen for a functional coxnbination.

Test 1. (test for polymerase inhibition)

5

In a reaction volume of 20 /xl, miac

1 ug Hl3]iipl9 single stranded DNA tenqplate

2*5 ng standard H13 primer (X7-mer :

XO 5 -GTTTTCCCA6TCAC6AC-3

60 jnM tris-Cl pH 8.5

7-5 mM MgC12

75 mM NaCl

15

Template and primer are annealed by heating to 95"

then BooXing to -25*

Extension components are added:

20

50 MM (each) dATP, dCTP, dGTP, TTP

10 MCi P32 dATP
r

0.01 /iUto lslHo£ the putative terminator compound,

25 fvucther titrations may be desired^

20 unit^ AMV reverse transcriptase

water to 20 /il final volume^

30 The reaction is run at 42" for about 30 minutes*

Aliguots are talcen at 10, 20, 30 minutes, and samples

are TCA precipitated after the addition of 10 /xg tRNA

carrier*

The filters are counted for acid-precipitable

35 radioactivity and the mass of dATP incorporated is

calculated as a function of reaction time*
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Control reactions are run i .i parallel ooneietlng of
k) no added terminator

B) 10 MM and 100

5 The tierxnln^'tion acTtivl'ty of 'the experlmen-tal samples

relative to that of ddNTPs is estimated ^ and a micleotide is

appropriate for further testing if it substantially decreases

the number of acid precipitable counts at any time or relative
conoentration

.

10

Test 2 (test for base speciflo termination activity)

Reactions are run essentially as described by Prober

15 et al. except ;

1. Unlabelled primer is used

2. 1 /iCi P32 dATP is included

3« No dideoxyNTPs are added to the experimental

20 samples (control reactions containing ddNTP
at the usual concentrations, and no test

terminators are run in parallel)

4* The test compound is added at a

concentration estimated to give 1% and 10%

25 inhibition of incorporation as determined by
test «1.

The reactions are run for 10 min at 42".

100 fM dNTPS are added and the reaction run for

30 an additional 10 min« A portion of the reaction

is prepared and run on a seqpiencing gel in the

usual fashion* The ladders obtained with the
test compound are compared with that obtained in

the ddNTP reactions and the fidelity of the

35 termination activity of the test compound is

thereby assessed.
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XV. "Appaye^lais

The present invention provides a new use for an

apparatus comprising a reaction chamber and a scanning

apparatus which can scan a substrate material exposed to the

5 chamber. Figure 11 illustrates a system and a schematized

reaction chamber to which is attached a silicon or glass

substrate. The system has a detection system 102 as

illustrated, in one eintaodiment, in Fig. 7. A silicon substrate

104, Is attached against and forming a seal to make a reaction

10 chamber loe. Leading into and out of the chamber are tubes

108, with valves 110 which control the entry and exit of

reagents 112 vrtiich are involved in the stepwise reactions. The

chamber is held at a constant temperature by a temperature

block 114

•

15 All publications and patent applications are herein

incorporated by reference to the same eactent as if each

individual publication or patent application was specifically

and individually indicated to be incorporated by reference.

The invention now being fully described, it will be apparent to

ao one of orddLnary skill in the art that many changes and

modifications can be made thereto witlaout depaarting from the

spirit or scope of the claims #
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WHAT- XS CIATMED TS s

X. A method for determining the positions of
polymers which tenainate with a given monomer, where said
polymers are attached to a surface having a plurality of

positionally distinct polymers attached thereto ^ said laethod

comprising the stepe of

s

labeling a terminal monomer in a monomer type
specific manner; and

scanning said surface, thereby determining the
positions of said label.

2. A method of claim 1, wherein said polymers are
polynucleotides.

15

3« A method of Claim 1, wherein the labeling of the
terminal marlcer comprises incorpora'bion of a labeled -benninal

monomer selected from the group of nucleotides consisting of

adenine, cytidine, guanidine and thymidine*
20

4. A method for concurrently determining which-
subset of a plurality of positionally dlstincTb polymers
attaclied to a solid substrate at separable locations terminated
with a given terminal subunit, said method comprising the steps

25 of:

mixing said solid subs-trate with a solution
comprising a reagent:, which selectively marKs positionally
distinct polymers which terminate with said given terminal
subunit; and

30 determining with a detector which separable
locations are marked, thereby determining which subset of said
positionally distinct polymers terminated with said given
terminal subunit.

35 5. A method of Claim 4, wherein said solution
comprises a reagent which marks said positionally distinct:

polymer with a fluorescent label moiety.
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6. A iiiel:3iod of Clailn 4, wherein said teminal

subuniH is selecrbed from the group consistiing of adenosine

,

cyliosine, guanosine, and thymine.

5 7. A method for determining which subset of a

plurality of primer polynucleotides have a predetesnnined

oligonucleotide/ wherein the polynucleotides are complementary

to distinctly positioned ten^late strands which are attached to

a solid siibstrate, said method comprising the steps of:

10 selectively marlting said subset of primer

polynucleotides having the predetermined oligonucleotide; euid

detecting \rtilch polynucleotides are marked

^

a. A method of Claim 7, wherein said oligonucleotide

15 subunit is a single nucleotide*

s. A method of Claim 8, wherein the marking

comprises elongating said primer with a labeled nucleotide

which is complementary to a template*

20

XO. A method of Claim 7, wherein the marking step

uses a polymerase and a blocked and labeled adenine.

11. A method for concurrently obtaining sequence

25 information on a plurality of polynucleotides by use of a

single label detector, said method comprising the steps of;

attaching a plurality of positionally distinct

polynucleotides to a solid substrate at separable locations;

labeling said plxurality of polynucleotides with a

30 terminal nucleotide specific reagent, said label being

detectable using said label detector;

determining whether said specific labeling

reagent has labeled each separable location.

35 12/ A method of Claim 11, wherein said labeling is

performed with reagents which can distinguishably label

alternative possible nucleotide monomers

-
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13. A method of Claim 11, wherein at least four
replica substrates are produced, each of which is labeled with
a specific labeling reagent for adenine, cytokine, guanine, or
thymine.

5

14. A method of Claim 11, wherein said labeling and
determining steps are performed in succession using reagents
speciCic for each of adenine, cytosine, guanine, and thymine
monomers.

10

15. A method for concurrently obtaining sequence
information on a plurality of polynucleotides, said method
comprising the steps of:

attaching distinct polynucleotides to a plurality
15 of distinct solid substrates;

labeling said plurality of solid substrates with
a tersninal nucleotide specific labeling reagent; and

determining whether said specific labeling
reagent has labeled each distinct substrate.

20

16 « A method of Claim 15, wherein said labeling, step
is performed in a continuous flow of distinct solid substrates
throucyb a reaction solution.

25 17, A method for simultaneously sequencing a

plurality of polymers made up of monomer units, said' plurality
of polymers attached to a substrate at definable positions,
said method comprising the steps of:

mixing said substrate with a reagent which
30 specifically recognizes a terminal monomer, thereby providing

identification among various terminal monomer units ; and

scanning said subi^trate to distinguish signals at
defincUble positions on said substrate; and

correlating said signals at defined positions on
35 said substrate to provide sequential series of sequence

detenainations

•
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18- A method of Claim 17, wherein said plurality of

polymers are synthesized by a plurality of separate cell

colonies.

5 19. A method of claim 17, wherein said plurality of

polymers are attached to said substrate is by a carbonyl

linkage

«

20. A method of Claim 17, wherein said polymers are

10 polynucleotides.

21. A method of Claim 17, wherein said substrate

comprises silicon.

15 22. A method of Claim 17, wherein said scanning

identifies a fluorescent label.

23. A method of Claim 17, wherein said reagent

exhibits specificity of removal of terminal monomers.

20

24. A method of Claim 17, wherein said reagent .

exhibits specificity of labeling of terminal monomers.

25. A method for sequencing a plurality of distinctly

25 positioned polynucleotides attached to a solid substrate

comprising the steps of:

hybridizing complementary primers to said

plurality of polynucleotides;

elongating a complementary primer hybridized to a

30 polynucleotide by adding a single nucleotide; and

identifying which of said complementary primers

have incoxrporated said nucleotide.

26- A method of claim 25, wherein said elongating

35 step is perfojnned simultaneously on said plurality of

polynucleotides linked to said substrate.
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27. . A method of claim 25, wherein said substrate is a
two dimensional surface and said identifying re&ults from a
positional determination of said complementary primers
incorporating said single defined nucleotide.

S
.

*

28* A method of claim 25, wherein said substrate is a
silicon substrate.

29. A method of Claim 25, wherein said linking is by
10 photocroB&linking said polynucleotide to said complementary

primer, where said primer is attached to said substrate*

30. A method of Claim 25, wherein said elongating is
catalyzed by a DNA dependent polymerase.

15

31. A method of Claim 25 ir wherein said single defined
nucleotide has a removable blocking moiety to prevent further
elongation.

20 32. A method of claim 31, wherein said blocking
moiety is NVOC.

33. A method of claim 25, wherein said single
nucleotide has both a blocking moiety and labeling moiety.

25
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